ABSTRACT
INTRODUCTION
Capacity is one of the key performance indicators to evaluate a signalized intersection level-of-service (LOS) for the passing elements (motor vehicle, bicycle flow, pedestrian traffic, etc.) [1] . Thus, the design of a signalized intersection is a trade-off between the safety of bicyclists and pedestrians and convenience for motor vehicles [2] , particularly in the "kingdom of bicycles" -China. Like motor vehicles, more bicyclists need to cross an intersection safely within the given period. However, this need must be balanced against possible conflicts between the right turning motorized vehicles, pedestrians and bicyclists [3, 4] . In case of greater lengthening to accommodate bicyclists, then the delays for cross traffic may increase and the overall capacity of observed intersection may decrease, even endanger the road safety [5, 6] . It is therefore necessary to estimate the capacity of bicycle flow accurately at signalized intersections under different traffic movements, intersection features and local constraints for intersection design and planning, but also for signal configuration and operation management.
Over the past decades, surveys have indicated that bicycles account for approximately 20-25 percent of trips by city residence, especially in central and western regions of China [7] , and almost all cities have always focused on a healthy commuting mode through an integrated green system of on-street lanes and paths for bicycles. Of course, such efforts often cause significant reduction in LOS and capacity performance of intersection-related locations [8, 9] . A study by Allen et al. [10] highlights the quantitative impacts of total occupancy due to bicycles and pedestrians in reducing saturation flow and ultimately lane group capacity through the videotaping of intersections in Davis and Gainesville, and they also argue that the impact of significant bicycle traffic on decreasing the capacity of signalized intersection may be overestimated according to the prevailing "Highway Capacity Manual" (HCM) approaches that would quantify a composite level of service of intersections under mixed flow environment [11] [12] [13] . Chen et al. (2007) summarize the impact of trapped bicycles on the through vehicular traffic from four types: a. blockage by bicycles at the beginning of the green phase; b. influence of waiting bicyclists; c. influence of traversing bicyclists; and d. influence of trapped bicyclists in the intersection [14] . However, most of these approaches have not paid enough attention to mixed traffic environment, particularly in the Chinese cities.
Generally, intersection capacity analysis provides help in understanding, designing and organizing the passing traffic elements, including bicycle flow. Raksuntorn et al. (2003) recommended that capacity of a bicycle lane at intersections is affected by the saturation flow rate and could be estimated by the number of queues or the width of the bicycle lane [15] . Qian et al. (2010) analyzed the capacity of right-turn motor vehicles that are seriously disturbed by bicycles at twophase signalized intersections in China, and found that bicycle flow volume ranging from 500 to 1,500 bic per hour has a great impact on the capacity of right-turn motor vehicles [16] . In the recent research by Zhang et al. (2009) , a new concept of pedestrian group based on gap acceptance theory was proposed to measure how the capacity of right-turn lane vehicle movement at signalized intersections is affected quantitatively by pedestrians and bicycles with regard to different signal phases [17] . Unlike the above Highway Capacity Manual based analysis and approaches, Li et al. (2009) used the theory of fluid mechanics to estimate the capacity of bicycle lanes regarding the interference of other mode traffic elements [18] . However, the process of how to determine the model parameters was still not clear and its effectiveness was beyond verification as well.
The city of Xi'an has always encouraged bicycle commuting among students, faculty staff and visitors, and thus has nationally earned the title of "Bicycle Friendly Community" from the League of China bicyclist [19] . Unfortunately, the problem of how to relate the bicycle traffic to motorized vehicle flow harmoniously, especially within the intersection location, has remained unsolved. Since the conflicting vehicle flows that bicyclists encounter at signalized intersections change periodically and a large quantity of them has no respect toward traffic signals, it is difficult to estimate the capacity of bicycle flow through a HCM based model under mixed traffic environment [20] . In this project, therefore, a total of 4 typical signalized intersections in Xi'an with varying motor and bicycle traffic volumes were videotaped for a total of approximately 2 hours (7:30 AM to 8:30 AM and 5:30 PM to 6:30 PM) so as to achieve the traffic flow data from signalized intersections. Thus, this paper discusses the processing procedure, results, case verification and analysis of capacity estimation approach, respectively. It concludes consequently with general remarks and comments about the overall works in the final section.
BICYCLE GATHERING -DISPERSING PROCEDURE

Fluid feature of bicycle flow
Generally, bicycles pass a signalized intersection following a stream of fluid rather than a single particle behaviour. However, when bicycle density is low and space of bikeways is sufficient for bicycle passing, such fluid dispersion feature is not obviously observed. At higher density conditions, platoon queues and each individual is willing to pass the intersection in case of available space. Thus, dispersion motion of bicycle platoon could be easily recorded.
For easy understanding, let us assume a platoon of bicycles (pulse of fluid) passing through the green of every signal at signalized intersection as a "flow" goes where there is no "resistance", known as bicycle fluid dispersion or diffusion. This phenomenon could be explained by "space occupation theory" [18] .
During the red light period, arriving bicycles stop at the parking line and form a queue. As soon as green light comes, the bicycle flow attempts to speed up from the stop line and pass through the intersection, and thus the bicycle density gradually decreases. In actual observation, however, right-turn vehicles, pedestrians and bicycle expansion all have a significant impact on platoon passing efficiency, which in turn cuts down the capacity of overall signalized intersection [21] .
Fluid dispersion model
Obviously, bicyclists pass through a signal cycle at three stages: a. waiting and queuing at a red traffic light, b. dispersion through intersection in the green light, and c. conversion into free flow out of intersection.
Since traffic flow is compressible, the activity of bicycles passing through the signalized intersection could be described as fluid in a "pipe line", as shown in Figure 1 .
From Figure 1 , the following could be seen: [18, 22] . (2) S 1 is the area of bicycle queuing in front of stop line ("inlet pipe"); S 2 is the area of intersection between the stop line and the exit line ("pipe connection"), where the oblique line (see Figure 1 ) reflects the space of bicycle expansion and dispersion through occupying motor vehicle and pedestrian lanes in a mode of arc trajectory through the intersection. This process, performing in the bicycle queuing length, is not unrestricted, and only occurs under a certain volume of bicycles within a limited space. S 3 is the area of bicycle dispersion to free flow at downstream intersection (outlet pipe). (3) q is for the arrival rate of bicycle group:
, where N is the number of arrival bicycles during the period of t.
) is used to denote the arrival rate within each signal cycle, respectively. In fact, bicycle platoon follows the similar process within the intersection location: waiting, queuing, diffusing, and leaving, and thus upstream flow q brings significant effect on the traffic of downstream intersection, following an impulse pattern accordingly rather than a random one. However, q reflects an average arrival state and could be explained by uniform distribution in section S 1 during a long period. 
is the volume of queuing bicycles, that of bicycles passing through and that of dispersing bicycles, respectively.
is the length of bicycle queue in front of stop line; L 2 is the intersection distance that is the length from the first crosswalk line to the first line encountered on the other side of the intersection. L 3 is the distance that takes the bicycle flow to disperse from the compressed state into free flow; D is the maximum expanding length of bicycle flow over both sides through the intersection.
Influence of bicycle dispersion
In case of green traffic light, motorway and pedestrian walkway will be occupied by bicycles due to bicycle faster start performance, and thus platoon flow might diffuse around right -left spaces ("virtual widened lanes") [23] .
Moreover, W 3 has no "bottleneck" effect on the bicycle flow within the intersection and at the "outlet pipe", because pedestrians reach the exit line behind bicyclists generally due to their lower crossing velocity than the latter ones. All these enhance the bicycle capacity at signalized intersections effectively. If the extent of bicycle dispersion at one side is D, then the virtual width of "outlet pipe" is W D 2 3 + h.
FLUID MODEL OF BIKEWAY CAPACITY
Density function of bicycle flow
During green light phase, the first bicyclist takes time T to arrive at W 3 (T G < e , and G e is valid green time that is less than the duration of general green time). Over the time of T 0 + , the bicycle flow, in a dynamic diffusing state, is compressed from S 1 to S 2 , 3 , and the following ones fill up from W 2 with the arrival rate q. Finally, the changed number of bicycles in S 2 could be measured through a differential model:
where V is the spot speed of bicycle flow at the exit line.
Reconsidering Eq. (2), a non-homogeneous linear differential equation of the first order is obtained:
and its solution could be expressed in:
Thus, C 0 could be derived from Eq. (4) as:
Therefore, Eq. (4) could be rearranged into a determined expression:
Capacity estimation model
The flow rate of passing bicycles that were released from the exit line and passed through section W 3 at moment t from T to G e could be approximated as:
represents the number of bicycles passing through the signalized intersection during time t d . For the period of T G e + , the number of bicycles N c that have passed through exit line satisfies:
Combining Eq. (7) and Eq. (8), it reaches: 
In one cycle it is obvious that the number of passing bicycles is proportional to the valid green time G e and a shorter T also brings a heavier bicycle flow N. The capacity of bikeway N cap could be estimated as the number of bicycles passing through in one hour by relation:
Eq. (10) is used to estimate how many bicycles could pass through the intersection entrance (bikeway) in one hour, and the capacity of signalized intersection equals the sum of N cap values of total bikeways. Of course, this capacity estimation model does not take into account some conflict factors (right-turning vehicle, pedestrians, etc).
Dispersion model calibration
From Figure 2 it follows that S W L Figure 3 ), and bicycles cross the intersection distance Figure 4 shows the overhead view The observations were made during the morning (7:30 -8:30 a.m.) and afternoon (5:30 ~ 6:30 p.m.) peak periods on September 23, 2010 using digital video cameras with wide-angle lenses to capture the bicycle message. The weather was mild for all observations and the traffic flow was in perfect order at each intersection. For the survey of percentage velocity of bicycles, the number of samples to be observed is estimated by:
where n is the number of observed samples; v is the standard deviation of observations in this research that ranges from 5km/h to 10km/h [24] ; K is a constant at a given level of confidence; E is the maximum allowed error for velocity [km/h]; r is the adjustment factor of the calculation. In this observation it was noticed that the passing velocity of the bicycle through the intersection varies between 8km/h and 12km/h and thus v = 5km/h, E = 0.5km/h, and K = 1.96 for a 95% confidence level were chosen [23] . Because the average velocity V is used to estimate the travelling time of bicycle passing from stop line at inlet pipe to exit line at outlet pipe, thus we consider r = 0.00 and we obtain that the minimum sample is 384 observations. The majority of the observed bicyclists are young adults because of the proximity of the intersections to the Chang'an University Campus, College of Jiaoda Medicine Campus and Xiaozhai commercial centre. Table 1 summarizes for each intersection the distance of observed intersections, width of pedestrian lanes and signal parameters of intersections.
Parameter extraction of bicycle platoon
To extract the speed distribution features of bicycle flow from the videotapes, a team of undergraduate students manually reviewed the videotapes. Because of the constraints of time and resource, a computeraided video reconstruction procedure had to be used, that tracks the vehicle movements and transforms the positions of bicyclists through an intersection, which manually started and stopped the videotape for each bicyclist to report the time that the bicyclist entered the intersection (crossed the first crosswalk line) and exited the intersection (crossed into the crosswalk on the far side of the intersection).
Reasonably, there are numerous difficulties in recording the bicycle passing message, for example, occlusion in observing the stop and start points and short display of times on the videotape only to the full second with 30 frames per second. Therefore, enough exercise should be undertaken to test and improve the reliability of extracting the bicycle passing movements from the videotapes.
In addition, special observations recorded from the videotapes including interactions between bicyclists, pedestrians and automobiles were also noted, and most illegal bicycle movements, such as diagonal travel across the intersection, were excluded from the original observations. Finally, the average crossing velocity of bicyclists could be estimated through
, based on the valid observations (see Table 1 ). Table 2 summarizes the distribution features of crossing velocities of bicyclists.
With respect to the videotape observation results, the minimum safety headway per unit width is 1.75s and thus the maximum arrival rate 
Capacity determination and comments
Let us make a deep analysis into Eq. (12) choosing 0.57 Figure 4) , and the observation only includes bicycles that cross the Hanguang Rd. through pedestrian line from east to west at the north inlet pipe of this intersection. Figure 5 .
The bicycles that arrived during red time have to queue behind the wait line and as soon as the green time comes, they pour into the intersection in a compressed state that the arriving bicycles are at this moment. During the period of T, generally, the density of bicycles within the intersection decreases till the leaving flow rate at outlet pipe is equal to the arrival flow rate at inlet pipe. According to Eq. (6) 
through Eq. (12), respectively. In general, the relation is drawn between the capacity of bikeway and signal parameters by Eq. (12), as shown in Figure 6 . Obviously, the growth rate of capacity declines disproportionately along with the increasing signal cycle length or green time length. The methods of increasing bikeway capacity, such as adding green time or extending signal cycle, etc., are not always effective. In most signalized intersections, therefore, green time and signal cycle length generally remain 40~70s and 110~180s, respectively.
Through reconsidering the distracted messages from observations, the theoretical capacities of four signalized intersections are measured by Eq. (11) and Eq. (12) and Table 2 also shows the calculation results. On the other hand, we identify the number of bicycles within the maximum flow rate and the correspondent signal cycle. Then the observed capacities could be determined by Eq. (10), as listed in Table 3 .
Compared with theoretical capacities that were measured by the proposed model in this research, obviously, the observed values are a bit lower, which contributes to the neglect of influence induced by left turn vehicles, pedestrian crosswalk and weather and other factors. Moreover, the difference of bicycle velocity between the older and the younger also helps reduce the capacity value. Of course, we reach a more satisfactory result than those by HCM 2000 and JJ37-90, for the latter two do not pay enough attention to the fixed traffic environment at signalized intersections. Of course, some facilities at signalized intersections providing crossing convenience for bicyclists also help improve the capacity and in recent years, this has already had a wide awareness in China, and Wuhan has set a good example (Figure 7) for all involved.
CONCLUSION
Bicycle travel holds an important position in the daily commutes, regardless of the weather. Therefore, how to update the preferred facilities capacity and per- sonal sense of level of service is particularly necessary and important (but not sufficient) to create a humanoriented traffic environment.
Intersections are the crossing nodes of traffic streams, including hurrying bicyclists as well as a high pedestrian-vehicle flow. Thus, it is worthwhile pointing out that the key problem in maintaining a perfect traffic order for overall networks depends on the performance of bottlenecks (e.g., closely-spaced intersection, transport hub, etc.) for urgent needs.
On the basis of conventional fluid dispersion theory, this research proposes a capacity estimation model of bicycle flow at signalized intersections, and discusses such parameters as signal cycle, green time, and bicycle arrival rate, etc., that influence the bicycle capacity performance. According to actual observations from four signalized intersections around Chang'an University campus in Xi'an, a case example is performed to check the effectiveness of this proposed model of capacity estimation, compared with those derived through HCM 2000 and II37-90. Of course, these works turn to have certain help in theory and instruction for improving signal timing and intersection channelization for bicyclists.
However, mixed traffic is the main characteristic of most cities in China. How to understand the capacity characteristics of bicycle flow, to determine the cooperative control of traffic elements, and to achieve the balance of development of non-motor vehicles and motor vehicles have been for quite a long time issues that need to be resolved. It is also found in the observations that part of the effective time is wasted in waiting for the right-turn vehicles and disordered traffic decreases the capacity, even causing the expected jams. Moreover, the intersection types, weather conditions, pavement conditions, behaviours of bicyclists, pedestrian crosswalk and vehicle driving are not considered in this research and all these issues will be considered in the future works.
The authors believe that it is an important topic that has not been dealt with sufficient attention in the past and that further research will become heated to help in formulating a system design of traffic management and guidance around intersection locations in the overall urban areas, and human-oriented technique (combining behaviour feature, environment theory and GIS) helps create more liveable places for all the involved. 
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